Studies of workers exposed to hydrocarbon solvents are reviewed in order to address the question, 'Does long-term human exposure to hydrocarbon solvents at concentrations around occupational exposure limits result in clinically important neurobehavioural effects?' Studies selected evaluated exposure-response (E-R) trends with some control of potential confounders. Tests of neurobehavioural performance were classified into specific functional categories, within those of cognitive, psychomotor and sensory functions to increase specificity and power to detect patterns of effect. The weight-of-evidence was evaluated with respect to criteria for determining causality. The temporality criterion was met as latency was adequate for the occurrence of chronic effects. There were few significant associations, and when present, were consistently weak even in the most-exposed workers. Exposure response showed no consistent or significant pattern for any tests of functional mortality. The weight of evidence suggests that exposure to hydrocarbon solvents at current limits does not appear to cause adverse neurobehavioural effects.
INTRODUCTION
A number of studies, beginning in the 1970s, have reported long-term neurobehavioural effects attributed to organic solvents. A number of health disorders were identified, although there remain questions about whether the same disorder is meant when speaking of painter's syndrome, chronic solvent syndrome, toxic encephalopathy, neurobehavioural effects, CNS effects, dementia, organopsycho syndrome, etc. The real causes of the effects in terms of specific solvents or mixtures of solvents have not been identified, and dose -response (or exposure-response, E-R) relationships are still not known. 1 The early findings have helped stimulate a number of investigations into the role of solvents in neurobehavioural performance. However, the study of these relationships is difficult, and many studies have important limitations. 2 The existence and nature of the chronic effects are a matter of dispute, and the evidence on differences between exposed and unexposed workers are somewhat inconsistent. 3 " 13 Tests of neurobehavioural performance vary between studies, so comparability of results may be limited. The intensity and duration of exposure is difficult to quantify, in part because past sampling data are rare, because solvents used are often present in mixtures, and because both the solvent mixture and the working conditions change over time. Confounding factors such as alcohol use and preexposure intellectual capacity influence neurobehavioural test performance; adjustments for these variables are difficult, thereby often severely limiting interpretation.
The purpose of this paper is to conduct a weight of evidence review of studies investigating the effect of chronic exposure to organic solvents in occupational cohorts to specifically address the question, 'Does longterm human exposure to hydrocarbon solvents at or below current occupational exposure limits result in clinically important neurobehavioural effects?' This is one of several unanswered questions identified by an International Working Group on chronic neurobehavioural effects of organic solvents. 1 Performance on neurobehavioural tests will be the primary response variable in the present review. Psychometric tests provide an objective and measurable assessment of neurological changes that may be due to environmental agents. Subjective (symptom) data are not necessarily mirrored in performance test scores. 3 They are important, but are not part of the end-points considered in this review. The primary database consists of cross-sectional epidemiological studies of workers exposed to hydrocarbon solvents for at least 10 years, and have evaluated E-R trends with some quantitative measure of cumulative exposure, while attempting to control for confounding risk factors. This study design allows two kinds of analyses. Average performance is compared with a non-exposed referent group (external comparisons). The second (and more important) analysis is an internal comparison of response along a gradient of cumulative exposure.
The outline of the review is as follows. The first section discusses criteria for including studies in this critique. The next two sections describe the studies and their results, respectively. The final section interprets results with respect to how well they meet the criteria for causality.
If the studies are relatively free from bias and confounding, then for the hypothesis to be true there should be significant associations between exposure to hydrocarbon solvents and reduced performance on neurobehavioural tests. Support for the hypothesis comes from statistically and biologically significant effects that consistently increase with increasing exposure and are specific for similar aspects of behaviour.
CRITERIA FOR SELECTION OF STUDIES FOR REVIEW
Studies capable of testing the hydrocarbon solvent/ neurotoxicity hypothesis should meet several requirements. Exposure must be to hydrocarbon solvents, and there should be analysis of E-R gradients. The studies should be relatively free of confounding and other biases. Each of these selection criteria is discussed below.
Issues of both statistical and biological significance are also addressed as these are relevant to inferences regarding causality.
Exposure to hydrocarbon solvents
Exposure must be to hydrocarbon solvents. Studies including workers with significant exposures to other solvents are not included in this review.
Assessment of exposure-response trends
Past exposure should be known at least qualitatively. Quantitative estimates of past exposure, which include some industrial hygiene sampling data, are preferred. Duration of employment is usually not an adequate surrogate for exposure unless concentrations have not changed over time, which is generally not the case. In addition, work assignments, exposures, and confounding risk factors are generally not related to duration of employment.
14 Cumulative exposure is considered the preferred exposure variable for detecting the effect of chronic exposure. 15 Several estimates of exposure have been used in these studies.
Cumulative exposure (CE), in (ppm x years), is used by several investigators 16 " 21 and involves some industrial hygiene sampling of past workroom exposures. Lifetimeweighted average exposure (LWAE), in ppm, is an average exposure calculated by dividing cumulative exposure by years worked. Both cumulative exposure and average exposure are most useful for single solvents and for determining exposure relative to occupational standards.
Hygienic effect (HE) is useful for solvent mixtures. It is a weighted average concentration giving a unitless number indicating whether average exposure is greater than the threshold limit values (TLVs) (HE > 1) or less than the TLVs (HE <1). Hygienic effect assumes additivity, and is calculated as the summation of all solvents in the mixture. Unless HE is weighted relative to the current TLV, it will increase as TLVs are reduced, even though workplace concentrations remain the same. Hygienic effect also increases as the number of solvents increases, an effect limited somewhat by including only solvents having concentrations > 10% of the TLV. 22 Orbaek et al. 23 made this a cumulative exposure index, multiplying HE by years exposed.
Exposure index (El) is a weighted average of gallons used/year and is adjusted for the fraction absorbed by a respirator, method of application, and ventilation (outside versus inside). It is useful for mixtures of organic solvents where the mixture varies over time, where industrial hygiene data are not available, and where methods of application and respiratory protection vary. 24 A disadvantage is that the estimates cannot be evaluated relative to occupational standards.
The El method of assessing exposure was used in several studies. 25 " 31 The solvents used are sometimes either not known or not reported. 26 ' 27 ' 31 In other studies solvent use changed over time. For example, industrial paints used in the past contained eight to ten different solvents; now most formulations contain four or less. 24 Mikkelsen et al. 32 identify three time periods when different types of paint predominated: prior to 1960 synthetic paints were ~25% solvents; ~ 1960-1980 alkyd paints contained ~50% organic solvents; and in the 1980s water-based paints predominated and contained some solvents. In Sweden, linseed oil and turpentine, as well as varnish and cellulose lacquers, were used in older paints; while, beginning in the late 1950s, alkyd paints contained primarily white spirits.
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Freedom from bias
The three kinds of bias relating to studies of solvent exposed workers are healthy worker effect (HWE), response bias, and misclassification of exposure. A survivor effect occurs when the most severely affected (or most susceptible) workers leave the workforce. 32 ' 34 ' 35 Spurgeon et al. 34 argue that since there is a gradation of effects that may occur over a long period of time, at least some proportion of the remaining workforce will show an effect of sufficient magnitude to be observed. Bleecker et al. 20 determined from personnel records that turnover of workers was very low (< 5% per year), and that there was no significant in-plant migration from high to lower exposure jobs, so possible underestimation of risk due to HWE bias is unlikely in this study. On the other hand, Orbaek et al. 23 suggest their subjects were 'survivors' as more than half the exposed group had quite low cumulative exposures. However, many of the highly exposed were immigrants, and were not included in the study because of a lack of matching referents.
Why workers leave a workplace is unknown. If turnover is low, the HWE should not invalidate attempts in cross-sectional studies to define a no adverse effect level (NOAEL). At least two studies 32 ' 33 included painters who had worked for several years and may have stopped working. Lundberg et al. 33 included workers with at least 10 years in a high-exposure job, and argued that since at least 10 years exposure is considered a criterion for a diagnosis of chronic toxic encephalopathy, not many workers would have been forced to quit because of chronic psychiatric problems after less than 10 years work. Daniell et al. 31 included only men aged 62-74 years of age with at least 10 years exposure to organic solvents and who had retired for at least 1 year. If performances on neurobehavioural tests are more sensitive than those for psychiatric problems, it is even more unlikely that workers would have left as a result of below-normal performance. Mikkelsen et al. 32 argue that for there to be a selection bias the participation rate of painters would have to increase simultaneously with increasing solvent exposure and degree of organic brain damage; events they considered unlikely.
Response bias occurs when a large proportion of eligible subjects do not participate in the study. If unhealthy and exposed workers participate more than unhealthy controls or low-exposure workers, the bias will produce an overestimate of the risk. The participation rate is low in several studies: three had participation rates of less than 30%, 25 27 ' 31 There was a suggestion of an overestimation of risk in one study 19 and an underestimate in another. 32 The effect of bias in those with less than 90% participation is essentially not known.
Benignus 37 demonstrated the importance of the investigator being blind to the exposure status of the study subjects in neurotoxicological testing. In an evaluation of 43 studies on the effects of carbon monoxide on behaviour, 75% of single blind and 26% of double-blinded studies found significant differences that could have been related to lack of blindness. Of the 15 studies included in this review of solvents and neurobehavioural performance, six are doubleblind. 17 ' 20 ' 30 " 33 The remainder appear to be single- 33 indicate that careful and detailed consideration of work histories is necessary to reduce the likelihood of overestimating risk. This bias can be assessed indirectly by interview, although subjects with symptoms may overestimate exposures compared to asymptomatic workers.
Freedom from significant confounding
Confounding occurs when a risk factor is differentially associated with exposure. Confounding is of special concern as many non-occupational risk factors can affect test performance, differences in test performances are generally small, and potential confounders are often difficult to measure or are not measured at all.
An indirect method of controlling confounding is the use of an internal comparison, as non-occupational risk factors are likely to be similar within the workforce and unrelated to exposure. Fidler et al. 26 for example, found several potential confounders (alcohol, caffeine, fatigue, motivation, sleep the previous night) were not related to exposure, and therefore could not be confounders. The most common and important confounders are age and intellectual ability.
Age. Peak performance on most tests is at 20-24 years, is relatively constant up to age 40 years, and then begins to decline. Adjustment for age was consistently applied in all studies.
Education and socioeconomic status. Education is often used as a surrogate measure of intelligence. More education can result in improved performance on tests of cognitive ability, and even has a surprisingly large impact on motor functions. 38 None of three vocabulary tests used by Anger et al 3S were considered suitable or ideal for epidemiological research. Some test of vocabulary is recommended when there are jobs with differing educational requirements. In practically all studies reviewed, some adjustment for intelligence is usually attempted, and it is most often education level.
Socioeconomic status (SES) represents the combined effects of educational, cultural, and occupational factors, and is a surrogate for intelligence. For example, Gade et al 39 retested 20 solvent exposed workers diagnosed with toxic encephalopathy and significant intellectual impairment. When compared with non-exposed control subjects closely matched on age, education, and intelligence, the diagnosis of brain damage and painters' syndrome could not be confirmed. Cherry et al. 17 reported that differences in psychometric test performances were virtually eliminated when allowances were made for differences in intellectual capacity (measured as reading score). 'Hold' tests, such as verbal tests of vocabulary, may be used for adjustment of pre-exposure intellectual capacity as they are thought to be resistant to the effect of neurotoxic chemicals. However, even for these standard tests the question has been raised as to whether they are sensitive and stable. 32 If not, the problem of adjusting for differences in pre-exposure intellectual capacity becomes even more difficult, and one that may not be completely solved. Less commonly considered potential confounders include the following.
Cultural groups.
Anger et a/. 38 found sporadic but important differences in performance between different ethnic and cultural groups in the US. Ruijten et al. 36 is the only study where differences in cultural group are mentioned.
Health, and drug history. Diseases (e.g. diabetes, epilepsy, arthritis), a history of prior brain injury, drug use, and eating and drinking psychoactive foods and beverages (e.g. coffee, cola, chocolate, alcohol) can impair or enhance performance. Both acute and chronic effects of drugs (e.g. alcohol) may be independent risk factors, as well as interacting with solvent exposure. For example, persons with damage of the CNS due to overexposure to solvents or other causes may be less able to tolerate alcohol (or vice versa), or alcohol intake may reduce solvent clearance (or increase solvent clearance in moderate drinkers via enzyme induction). 40 Alcohol liver damage may result in impaired ability to detoxify solvents. 40 Other potential confounders of importance may not have been considered in earlier studies. For example, Spurgeon et al. i9 adjusted for familiarity with computers, which may be of importance for computer generated performance tests.
In summary, the elimination of potential confounding is difficult because of the many risk factors that are difficult to measure, and the relatively small effect of low solvent exposure (discussed further under strength of association).
Two additional factors are important when considering the overall weight of the evidence. A study may provide little information because of chance and/or because the effect may not be adverse. The roles of statistical significance (or chance) and biological significance are described below.
Statistical significance
A statistically significant result does not necessarily imply a real effect, as the possibility of a false positive, or false negative, result always exists and may be present for a variety of reasons, including bias and confounding. A non-significant result (P>0.05) means the data are compatible with the effect being due to chance; it does not mean there is no effect, or no association. Associations that are extremely significant (P< 0.001) are rarely to be doubted. Moderate statistical significance (P<0.05) may be 'an artifact of chance'. 41 Multiple comparisons. In many studies there are multiple comparisons, with the possibility of statistically significant false positive results. If P=0.05 is set as the arbitrary cut-off value for significance (a), and there are 20 (n=20) independent observations (and all of the associations are true), the probability of at least one significant false positive is 1 -(1 -a)"=0. 64 . 42 In separate reports on the same cohort, 14 ' 20 ' 43 there were at least 67 dependent variables, so between three and four results are expected by chance alone. In some studies there were as many as three exposures variables, thereby quadrupling the number of tests when counting both internal and external comparisons. 18 ' 25 ' 28 ' 29 Orbaek et al. 23 had nearly 500 dependent variables in addition to performance on psychometric tests. They comment that, 'Even when no real difference exists, it is likely that certain variables show a statistically significant result by pure chance. ' One adjustment for the problem of false differences from multiple comparisons is the Bonferroni correction, which divides the level of significance equally across each test. 44 Thus, in a study with 10 comparisons (or 10 measures of performance) this correction would require differences at the 0. 46 recommend the Bonferroni correction as a conservative approach in the absence of analysis of variance techniques which minimize false positives. Thompson 47 argues that adjustment should be made to, in part, avoid exaggerated confidence in weak results and because of co-linearity. Rothman 42 argues against such an adjustment for multiple comparisons because that increases the probability of rejecting true positive associations and does not aid in interpretation.
Investigators generally have not considered the number of tests and co-linearity. If only one or two tests in a battery are significant, the lack of adjustment may have an important effect on the interpretation. is close to 0, the dependent variable has almost no relationship with the independent variables. Anger et al. 44 suggest that when >10% of the variance is explained by a factor, that factor should be considered important enough to be controlled in the design or analysis. When it exceeds 25% it is critical for evaluating test performance. Education and age may explain 5% or more of the variance in performance on motor tests, and education more than 10% of the variance in performance on cognitive tests. 44 Thus, if R 2 is > 0.15, the regression model provides enough information to be useful. If R 2 for the regression model is <0.15, solvent exposure can, at best, explain less than about 10% of the variance. In such models there is very little information, and even if a variable has a P value <0.05 it provides so little explanation regarding the causes of the variation as to be uninformative.
Coefficient of determination.
Biological significance
Statistical significance does not provide information on function or biological significance and is dependent on the number of individuals studied. Some quantitative measure of the biological effect of exposure is useful in supplementing statistical significance.
Bleecker et al. 20 showed several statistically significant E-R associations, but the authors discount these results as 'subclinical'. Others have also commented on the subclinical nature of their findings. 7 Anger et al. 44 suggest a 20% deficit on a test is a substantial loss when conceptualized as a reduction in items remembered in a memory test from 100 to 80 or an increase in reaction time. However, their definition appears at least, in part, related to the ability to detect a difference between the exposed and control groups. Biological significance may not be applicable for some tests where the next item is more difficult than the previous one, as in Block Design.
Another suggestion for determining an adverse biological effect is whether it is outside the normal range. For a normal distribution, approximately 95% of the population are +2 SD from the mean, and approximately 60% are +1 SD from the mean. A 20% decrement in performance is less than 1 SD for many tests among healthy white men, aged 26 -45 years. 44 When the coefficient of variation of a test is less than about 30%, the number of subjects needed to detect a 20% difference is relatively small. Thus, most of the studies have sufficient statistical power to detect a biological difference of 20%.
Guidelines for assessing whether an effect is adverse are needed but not available. Even normal day-to-day variability in performance is not known. Therefore, 20% will be used as a rough guideline for a potentially adverse effect. This can usually be estimated only for the exposed versus referent comparisons.
DESCRIPTION OF THE STUDIES
Medline, Toxline, Embase, Pascal, NIOSHTIC and NTIS databases were searched for epidemiology studies investigating the effects of organic hydrocarbon solvents on the nervous systems. Reviewing abstracts from the literature review and titles from reference lists produced about 100 studies that were reviewed further to determine if the selection criteria were satisfied. Review of the methods sections resulted in the 15 studies selected.
Only a few studies involved single solvents such as white spirits, 16 ' 32 toluene, 17 toluene and xylene, 20 and >50% xylene. 36 All studies except Fidler et al 24 ' 26 and
Baker et al. 27 evaluated some form of both internal E-R relationships and external comparisons. Mikkelsen et al? 2 included the non-exposed referents in the E-R analysis.
The interpretation of behavioural impairment at relatively low occupational exposure levels poses problems, as there is a wide variety of effects and test procedures. 50 ' 51 An appropriate test battery to accomplish the intended task has been the subject of much discussion. 50 " 53 A test battery to quantify effects of solvent exposure on the nervous system must be sensitive enough to detect early functional impairments while controlling for the effects of other risk factors. It is desirable that the battery be able to detect a specific pattern of functional impairment that may provide leads for further investigation. 53 A number of tests and functional modalities have been identified as useful, sensitive, replicable, and reliable for assessing the question posed in this review. 45 ' 50)S1 ' 54 '
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Because some tests measure effects in more than one functional domain, the categorization varies somewhat between different authors. Table 1 summarizes the tests and functional modalities that will be used to assess whether the causal criteria have been met. 54 A description of tests is available in the individual studies and in reviews. 50 "
53
STUDY RESULTS
The essential detail regarding exposure, and the associations of exposure and performance on neurobehavioural tests for individual studies are discussed in this section.
More detailed results are summarized in Appendices 1 to 3.
Finnish house painters
Lindstrom and Wickstrom 16 studied house painters and a referent group of concrete reinforcement workers. White spirits was the primary solvent, with average exposures around 40 ppm. Exposure indices included cumulative exposure, average yearly exposure, average yearly exposure for the last 5 years, and exposure for the year before examination (1977) .
Six of the eight test outcomes showed significant E-R trends; three were associated with cumulative exposure (block design, errors in symmetry drawing and reaction time), two with exposure from the previous year (similarities and digit symbol) and one with average yearly exposure (visual reproduction). None of the external or internal comparisons showed 20% or greater differences in mean scores. Total R 2 values were less than 0.15 for all models, and none of the associations were significant if adjusted for multiple comparisons. The authors conclude that the associations 'may be caused by low levels of long-term exposure to aliphatic hydrocarbons.' However, they note that these relationships are weak, and because exposure indices were highly correlated, chance partly determined which exposure index was included in the regression. Persons employed in the manufacture of rubberized matting using toluene in the UK Cherry et al. 17 noted that toluene concentrations before 1976 were at least six times the current exposure Limit TLV of 50 ppm, but had fallen to two to four times the limit in the late 1980s. There were no significant differences in test performance between exposed and referent groups and no significant E-R relationships with cumulative exposure. The authors conclude that these results do not suggest any widespread subclinical changes resulting from occupational exposure to toluene. This study shows the importance of control of premorbid intelligence, where 'effects apparently attributable to solvent exposure disappear with re-matching' on estimated intellectual capacity.
Swedish workers in paint production
In this study Orbaek et al. 23 estimated solvent exposure as a percent of the Swedish occupational standard multiplied by years worked. The hygiene index ranged from 0.20 to 4.5 times the standard for the years up to 1969, from 0.15 to 3 times the standard between 1970 and 1975, and 0.10 to 1.5 times the standard after 1975. While exposure decreased over time, some workers were always exposed to concentrations above the standard.
The only E-R associations were in the Dots test for vigilance. However, the interpretation is not simple as the high-exposure group took significantly more time to complete the test but made fewer errors. While there were four significant results for the Dots test, in two of the four tests the better performance was for the highexposure group. The differences between exposed and referent groups were <20% (except for fluctuation in time where the referent group has 23% better performance).
The authors suggest the skewed exposure distribution toward low cumulative exposures may be due to selection of survivors, thereby weakening the power of the study to demonstrate E-R relationships. Reductions in focused attention were associated with higher exposure, but the authors suggest solvents alone could not be the 'reason for all the differences observed', and the role of chance must be considered since there were over 500 variables in this study.
US construction painters
Fidler et al. 24 ' 26 showed that solvent use changed over the course of this study as paint composition changed from oil based paints prior to 1960 to alkyd resin paints with higher solvent composition and then to increased use of water-based latex types of paint. Cumulative exposure could only be determined relative to other painters and was based on years worked and intensity defined by factors such as method of application (spray > roll > brush), presence of ventilation, number of gallons applied, and respirator use.
Tests of symbol digit latency and forward digit span were significantly associated with weeks exposure in the past year, but were not associated with lifetime exposure, overall exposure in the past year, or days worked in the past year. These two findings could be random given the large number of comparisons and the lack of an association with cumulative exposure. There were no significant associations if adjusted for multiple comparisons.
In this study by Baker et al. 21 exposure estimates are similar to those used by Fidler et al., 24 so the relationship to standards cannot be assessed. Exposure indices included two measures of intensity, three measures of duration and three cumulative measures. Lifetime exposure intensity was considered the best index because of the low correlations with age. There was no external comparison group.
The only significant E-R association was with symbol digit latency, with a total R 2 of 0.44, and a 10% difference between high-and low-exposure groups. An alternative method of controlling for confounding compared adjusted residuals by categories of lifetime exposure intensity. In this analysis the most exposed group had significantly worse performance than the least exposed group for symbol-digit, continuous performance, and pattern memory latency. The percent differences between high-and low-exposure groups exceeded 20% for pattern memory latency only. For pattern comparison latency the high-exposure group took a longer time to respond but got more correct answers.
Danish painters
In this study by Mikkelsen et al. 32 the predominant type of painting was house painting, and the major solvent was white spirits (~ 15-20% aromatic hydrocarbons). The solvents in the other types of painting generally contained a similar proportion of aromatic hydrocarbons. Cumulative exposure was the number of years worked multiplied by the litres/day of paint used and was adjusted by time period according to the predominant style of paint, time spent indoors, time using solventbased paint, and time using a brush, roller, or spray-gun. The bricklayer controls were considered to have had no exposure to solvents. About 60% of the study population were currently employed as painters at the time of the examination.
The only statistically significant E-R trend for the cognitive tests was for symbol-digit, with an R 2 of 0.32. R 2 values were generally high compared to other studies, with 14 of the tests having an R 2 value >0.15. External differences between exposed and referents were not significant, and except for visual gestalt tests of memory showed absolute differences that were less than 20%. Several tests of coordination showed weak non-significant associations. The combined coordination test score was significant in both internal and external comparisons. The authors suggest the combined coordination test score is better than individual test scores and the association is likely to be causal. No tests were significant if adjusted for multiple comparisons.
German house painters
In this study by Triebig et al. 30 subjects had to have worked for at least 10 years and the referent group was of similar age but without solvent exposure. The chronic exposure index was years as a painter multiplied by the estimated daily percentage of time spent handling solvent-based paints.
There were no significant results except short-term memory, which showed a significant E-R trend with cumulative exposure; but the R 2 was only 0.03 and there was no difference in the external comparison.
Rotogravure Swedish printers
Orbaek and Nise 21 showed that past exposures to toluene were well above the present-day limits of 50 ppm for most of the lifetime of exposed printers. Measured exposures in the 5 years before data collection were about 11 ppm in one plant and 42 ppm in the other.
R 2 values were generally >0.15. Time fluctuation of dots was the only cognitive function with a significant E-R association, but R 2 was only 0.11. The differences between exposed and external referents were small, and for figure classification and paired associates learning the printers had a better performance. Cylinder board was the only motor modality with a significant E-R trend with an R 2 >0.15. However, the exposed group's performance was significantly better than that of the referents.
The psychometric external test results are possibly biased away from the null as the referent group had better performance on the similarities test of verbal ability compared to the exposed group.
US paint makers
Ford et al., 14 Bleecker et al., 20 and Bolla et al. 43 showed that toluene and xylene levels appeared to be below both current and retrospective exposure limits as prenarcotic symptoms were not reported, and exposures over time were considered relatively constant.
Three different analyses 14 ' 20 ' 43 were reported on this cohort of paint makers. Bleecker et al. 20 found no significant associations with cumulative exposure (ppm x years). There were significant E-R trends, with average exposure for four of 13 cognitive test performances and one of three for vibratory threshold. The significant cognitive associations were for digit-symbol substitution, serial digit learning, and trails A and B. The unadjusted differences between the fourth and first quartiles were > 20% only for serial digit learning. The internal differences between fourth and first quartiles, the R 2 values, and the differences between exposed and controls were generally non-significant and small. There were no significant results when adjustment is made for the 82 comparisons. The authors characterize these results as 'subclinical neurobehavioural effects. ' Serial digit learning showed a significant E-R association in the study by Bleecker et al. 20 before adjustment for the number of comparisons, but was not significant in a study by Spurgeon et al. 34 A subtle difference in technique between the two studies is that a strategy was offered in one 20 but not the other. 34 Spurgeon et al. 19 speculate whether other unrecognized subtle differences in technique may have also occurred in other tests and in other studies. Such subtle differences lead to questions about the possible fragility of test performance, the need for similar test batteries, and the need for investigations of individual test performance variability.
Ford et al. 14 reported that reduced simple visual reaction time was associated with cumulative (P=0.053) and average exposure (P=0.002); R 2 values were 0.10 and 0.12, respectively. However, Bleecker et al. 20 found no significant association of reduced truncated reaction time with either measure of exposure. In any case, the R 2 are so low as to provide no useful information.
Bolla et al. 43 assessed external differences by comparing 144 of the 176 solvent workers from the study by Bleecker et al. 20 with 62 non-exposed referents who were tested 3 years later. After adjustments for age, vocabulary and race, the external comparisons were not significant for those tests showing significant E-R trends in the analyses by Bleecker et al. 20 The exposed group had the same performance as referents on serial digit learning, but worse performance on digit symbol, Trails A and B, block design, Purdue dominant and Assembly tests of manual dexterity. The possible effect of the 3-year time difference in administration of the tests was not discussed. None of the external comparisons were significant after adjustments for multiple comparisons.
German spray painters
Triebig et al. 28 ' 29 collected solvent exposure data at four spray painting shops. At the time of the study the median concentrations were higher than the 1990-1991 TLV and 1992 MAK for xylene (1/4 shops) and butyl alcohol (1/4 shops). Historically, solvent exposures were probably higher since some workers reported acute prenarcotic symptoms occurring often or constantly. The authors comment that in 'unfavorable work conditions the "exposure index" could exceed the permissible limits two or three times. ' Reduced performance in one of the three tests of vigilance and one of the three tests of reaction time were the only significant E-R associations with cumulative exposure. R 2 was only 0.04 in both cases. The external differences between exposed persons and referents were 9% or less, and were significant only for age and vocabulary. One of two multiple indicators of cognitive performance (CI test of scale) (i? 2 =0.18) was also associated with the cumulative solvent exposure index.
This study assessed exposures covering a period of up to 40 years and took into account high solvent exposures, which are known to cause irritation and other symptoms. The authors concluded that in this population of longterm workers there were no significant differences between exposed persons and controls, no significant E-R trends that could not be explained by chance, and no diagnoses of toxic encephalopathy. They also suggested that risk factors might be more important than workplace conditions in this cohort.
Dutch shipyard spray painters
Ruijters et al. 36 studied a small group of shipyard painters from two companies. The painters were exposed primarily to xylene, with some exposure to trimethylbenzene, butanol, and white spirits. Urinary methylhippuric acid (MHA) was used to estimate current exposure to xylene. Air concentrations of all solvents were measured and exposure was estimated relative to ACGIH threshold limit values. A cumulative exposure index was calculated by combining the taskspecific hygienic effect index, duration of tasks during a typical day, and length of such exposure. The average duration of employment was almost 17 years, and average exposure was about 1/3 the TLV. The number of years at school was used instead of vocabulary to control for pre-morbid intelligence, as non-native Dutch speakers were part of the study.
Missed and false positive responses (but not latency) to the colour word vigilance test (CWV) were significantly associated with cumulative exposure when adjusted for age, alcohol intake, and years of schooling. There were quite large external percentage differences between exposed persons and controls; but only words missed in the CWV test were significant. Significant external differences were observed on symbol digit substitution latency and two tests of hand-eye coordination, but the differences were less than 12%. There were no E-R associations with cumulative exposure.
It is not clear that adjustment for pre-exposure intelligence is adequate in this study as the exposed group's education is about 7th grade school compared to grade 8.5 in the referent group. The proportion of native Dutch speakers in each group was not given. Cultural language differences play a very important role in many tests, so language may be an important confounder that is not adjusted for in this study. Statistical significance disappeared when adjusted for multiple comparisons. The authors concluded that testing showed an impairment of motor performance and coding, and an E-R association with coding.
British paintmakers
Glass et al. 18 and Spurgeon et al. 19 showed that from 1980 to 1990 mean concentrations of solvents in seven of the 15 sites investigated appeared to be about 1-11 times higher than the 1992 UK exposure limits.
Internal E-R trends were assessed for cumulative exposure and average exposure by comparing each exposure category with controls after adjustments for pre-morbid ability, computer experience, and alcohol consumption. The only significant E-R trends were for tests of vigilance, but there were no significant external comparisons where the solvent exposed group had poorer performances than the referent group. The authors conclude that these results provide 'support for the view that long-term exposure at or below current compliance levels does not result in damage to the central nervous system.'
Swedish house painters
Lundberg et a/. 33 suggest that exposures to mainly white spirit were above the limits for at least 10 years of each painter's exposure.
Six out of 39 tests showed significant E-R trends, but only three (digit symbol memory, finger tap, Romberg) showed percentage differences 30% or greater between high and low exposure; the differences were < 12% for the remainder (synonyms, block design, backward Corsi block and finger tap). Only block design was significantly worse than the carpenter referent group in the external comparisons. Nearly five significant differences would be expected by chance.
On only one of 12 psychometric tests (block design) was there congruence between internal and external comparisons. Low-exposure painters tended to perform better than the referents, and high-exposure painters performed worse than the referents. But there was no clear distinction by functional modality. The authors suggest the most likely explanation for this finding is that persons in the higher exposured, more unpleasant jobs, had 'better qualifications [and] may have chosen to minimize exposure or go to jobs with better work conditions.' If this is the case, any recorded inferior performance by painters with high exposure levels may result from a selection process that eliminated the better qualified and left a greater preponderance of painters with naturally poorer test performance. These are speculations, as a prospective study is required to answer the question of selection bias.
Union painters in Michigan
Grosch et al. 25 estimated three different indices of cumulative exposure employing progressively more information. The most complete index included the percentage of time exposed to solvent-based paint, respirator use, and average rate of application. It is similar to that of Fidler et al. 24 but with somewhat less information. The three most commonly used solvents were mineral spirits, xylene, and naphtha. The three most common non-solvent exposures were to epoxy resins, adhesive/glue vapours, and zinc chromate; 40% reported exposure to lead. Painters in the 3rd and 4th exposure quartiles had the highest serum level for lead.
In the E-R analyses 3/5 tests for memory were significant (backward digit span, correct response latency, and accuracy of pattern memory), but R 2 values were <0.11. Symbol-digit and vocabulary were also significant, but R 2 values were <0.11. Only symboldigit and vocabulary showed significant differences 5= 20% in the external comparisons.
The authors conclude that these results suggest solvent exposure in painters is associated with an effect on neuropsychological performance, with vocabulary as the only consistent effect. They speculate that the cause of the deficit in vocabulary could be due to solvent exposure or selection bias if painters with higher verbal ability transfer to jobs with lower solvent exposure. In either case prospective studies are necessary to determine if vocabulary is a 'hold' test or is affected by solvent exposure.
Retired painters
Daniell et a/.
31 determined cumulative exposure from responses to questions on duration and intensity of past exposures following the semiquantitative model of Fidler et al. 24 This study by Daniell et al. consisted of two groups of retired painters with long-term exposure to solvents. These groups were chosen because, if there are important interactions of exposure, age and alcohol in the development of neurobehavioural impairment, this population would be among the most susceptible and most likely to show such effects. Unfortunately the participation rate was low; about half of those invited to participate accepted, of which about only 25% chose to participate. So overall participation was 25-30% in the referent group of retired carpenters and in the two exposed groups of painters (PNT) and aerospace painters (ASP).
No significant E-R trends were observed in the analysis of painters. In the external comparisons the painters had significantly poorer performance than referents on 1/4 reasoning tests (similarities), 1/9 tests for memory, and none on motor tests.
The aerospace painters with medium-high exposure had decreased performance on Trails B and block design (2/4 tests for reasoning), Stroop word trial (1/4 tests for attention), d2 test for accuracy and digit symbol (2/5 tests for visuomotor speed), 2/8 tests for logical and visual memory, and grooved pegboard (1/4 tests for motor performance). There were no significant external differences by cognitive modalities, but there were four individual tests showing significant differences (card sorting, verbal learning, logical memory, and grooved pegboard).
DISCUSSION
The contributions of individual studies in a weight-ofthe-evidence review relate to questions about the existence of an association. Statistical associations generally should be present before affirming causality. If statistical associations attributed to solvents are in reality due to confounding or bias, then one should be wary of concluding there is a causal association and its contribution to the weight of the evidence is limited. But it is not easy to determine if the flaws present in all studies are sufficient to affect the results. Some judgements should be made on the appropriate weight of individual studies before consideration of the overall weight of the evidence. Therefore, the roles of bias, confounding, and significance in individual studies will be discussed first. This will be followed by consideration of whether the guidelines for determining if there is a causal association are consistently met.
Individual studies
Bias. Selection bias due to the low participation rates is likely in the majority of the studies. The five studies with 90% or more participation should be free of selection bias. 21 32 For the others there is no clue as to the direction or magnitude of possible selective bias.
The magnitude and direction of potential bias is limited largely to speculation, and if strictly applied would reduce the database to as few as seven studies on which to make determinations regarding causality. The possible selection bias in several studies increases the uncertainty of any conclusion about the weight of the epidemiological evidence.
Confounding. Adjustments were consistently made for age and some surrogate measure of intelligence. Several studies have considerable information on other factors such as alcohol (n=10), socioeconomic status (n=3), and computer experience (n=l). Adjustment for intelligence was attempted in a number of ways, including so-called hold tests (performance thought to be unaffected by solvents) using the number of years of education, synonyms, and vocabulary. In some studies 'hold tests' were used to adjust for differences in pre-morbid intelligence level to assess the effect of solvent exposure on 'non-hold tests' presumed to be sensitive to exposure. However, Michelsen and Lundberg S6 suggest hold tests may not be adequate, and therefore adjustments for preexposure ability may be inadequate. Orbaek and Nise 21 used synonyms as a hold test for pre-exposure capability. Regression analyses indicated no association with age, but lower scores in the solvent exposed group indicated there was a significant association with exposure. Inclusion of synonyms in the regression analyses significantly increased the R 2 values of the statistical model, and the group differences disappeared when adjustment was made for the confounders of age and pre-exposure capability.
It is difficult to assess whether hold tests for intelligence are adequate unless subjects are tested prospectively before and after exposure. The general assumption in these studies seems to be that hold tests are relatively unaffected by age or solvent exposure and therefore are adequate surrogates to control for preexposure intelligence. Unfortunately, this may not be completely true, and level of education may not be a better surrogate. Matching on pre-morbid intelligence is one of the problems that makes external comparisons so difficult, and internal E-R analyses more appropriate. 27 However, some investigators suggest that there may be important differences due to selection even between high and low exposed groups in the internal comparisons. 33 There are many potentially confounding risk factors and most are difficult to measure precisely. The associations are weak, making complete and precise adjustment for confounding risk factors more important. These conflicting requirements increase uncertainty in reaching unambiguous conclusions about causality. Table 2 summarizes informative E-R models with 15% or more of the variance explained by the model, and stratified by the statistical significance of the exposure variable. Exposure variables are non-significant 4.5 times more often than they are significant. Digit-symbol and symbol-digit tests from four different studies are the only category where there are more significant than nonsignificant associations.
Significance
Causal criteria: weight of evidence from all studies A number of guidelines are used to assess whether observed associations are likely to be causal. 57 In this section conclusions based on causal criteria are not based on any one study but on the weight of evidence from all 15 studies that have been individually surveyed for bias, confounding, and chance. If the temporality criterion is not met there cannot be a causal association. Consistent findings of strong associations, biological gradients, and specificity lend support to a determination of a causal association. However, they are not definitive in the same way that temporality can exclude a study from further consideration. The decision on causality is based on one's subjective judgment about how well the entire body of evidence meets the guidelines.
Temporality. Temporality is the only criterion that must be met to assume causality, as exposure must occur before the adverse effect. Several studies suggest that 10 or more years of exposure is a reasonable latency before neurobehavioural performance decrements should be attributed to occupational solvent exposure. 32 ' 58 This criterion eliminated several prospective studies where the duration of exposure was considered too short for there to be an adverse effect causally related to exposure. 59 " 62 This criterion is satisfied for the 15 studies included in this review. Strength of association. The stronger the association the greater the magnitude of the absolute difference in effect, and the less likely the difference is due to chance, confounding or bias. A relatively weak association is where the risk ratio is less than 1.5-2 (or a 50-100% difference). 63 A consistent pattern of strong associations supports a causal association.
Differences in performance between exposed and referents, and between high-and low-exposure workers, show weak associations that are consistently less than 20%. For example, only eight functional domains have any differences that are greater than 20% (or a weak association of 1.2). In those domains with 10 or more tests more than 80% of the differences are less than 20% (Appendix 3).
The preponderance of such weak associations increases the possibility that the differences could be due to confounding. For example, Cherry et a/.
17 compared painters with non-exposed controls who had better reading scores. On the block design test the exposed group had a score which was approximately 13% worse (P<0.01) than the referent group. When compared with a more appropriate control group matched on reading score, there was less than a 1% difference in score, and the exposed group had the better mean score. A similar erroneous conclusion due to inadequate adjustment for confounding was corrected by Gade et al. 39 Another way to assess strength of association and the potential role of incompletely adjusted confounders is to compare the P values of both confounding and exposure variables when only the model R 2 is available. Comparisons shown in Table 2 are indicative of the generally weak association of exposure relative to the stronger associations with non-solvent risk factors. In all the tests, where i? 2^0 .15, only six exposure variables have significant P values, compared to 26 that were not statistically significant.
Bleecker et al. 20 raise the question of how much of a change in performance is meaningful, and whether 'such subclinical effects of chronic low-dose exposure to solvents represents substantial alteration in the integrity of the nervous system.' Small effects must, of necessity, show only a weak association, and are therefore highly susceptible to confounding from other more important risk factors. The problem is even more complicated because 'of the large number of known potentially confounding factors it [becomes] impractical to control for them all'. 26 The weak associations observed in these studies detract from the support for a causal association.
Biological gradient (exposure-response relationship). An external comparison of exposed and non-exposed subjects is a crude estimate of an E-R relationship and additional data are needed for an interpretation of causality. It is a dichotomous comparison of nonexposed workers with workers having a range of exposures from low to high. The higher the proportion of low-exposure workers relative to high-exposure workers, the greater the difficulty in determining a significant difference due to exposure. Often the referent group is from a different workforce, making it more difficult to be sure that the exposed and non-exposed groups are alike in the most important risk factors except exposure. Bolla et al. 6A suggest that 'many of the reported differences between exposed and non-exposed groups in which a dose -response has been demonstrated can be attributed to a difference in level of intelligence between the groups.' Triebig et al. 29 conclude that if primary intelligence (measured by vocabulary and information tests) is replaced with the variable educational level 'interpretation of the results of these studies are difficult or even impossible.' This concern is somewhat alleviated in this review as only one study 31 showed significant differences in similarities, and three studies 21 ' 25 ' 29 in intelligence.
The internal E-R analysis is considered to be among the more important criteria for establishing causality, and the presence of an E-R trend is strong evidence of a causal association. 27 Confounding is less of a problem than in external comparisons because both exposed and non-exposed subjects are usually part of the same workforce, and therefore more likely to be similar in many other respects. The potential for exposure is considerably less in the internal than external comparisons. The presence of an E-R trend provides strong support for a causal association.
The results from the neurobehavioural tests summarized by functional modalities in Table 3 show that when using statistical significance only as a requirement, only a small minority of tests are statistically significant in both the internal and external comparisons (only 4% and 3% for cognitive and motor, respectively). The highest percentages of significant results for both internal and external comparisons are for coding/memory (36% and 29%), concept shifting (29% and 14%), spatial relations (30% and 20%), vigilance (35% and 9%), vocabulary (18% and 30%), and speed/coordination (21% and 6%). In no instance is there a majority of tests showing significance for both E-R trends and differences between exposed and referent groups. The lack of a consistent E-R trend in the internal comparisons and lack of consistent differences in the external comparisons detract from a causal hypothesis at the exposure levels found in these studies.
Specificity and consistency.
If there is a causal association between low-level solvent exposure and neurobehavioural test performance, one would expect a consistent pattern of response observed in specific functional domains or modalities in many, if not most, studies. The co-linearity of tests favour finding a consistent and specific effect on some modalities, assuming solvents are having a measurable effect at the exposure levels in these studies.
These criteria cannot be applied strictly because the battery of tests is not the same, the degree of overlap for testing specific responses of the nervous system is variable and of unknown significance, specific organic solvents vary both between and within studies, and different solvents may have somewhat different effects.
Nevertheless, because of co-linearity and a similar CNS response to solvents, one might expect a majority of significant associations in one or more of the functional modalities. Table 3 summarizes the number of tests where the exposure variable is, and is not, significant for the internal and external comparisons. There is a total of seven times when both internal and external comparisons for all cognitive functions show a significant association (about 4% of the time). None of the individual cognitive functional categories has more than 36% of the tests significant for either external or internal comparisons.
A similar lack of consistency and specificity are observed for the motor functions. Two tests show significance in both internal and external comparisons (about 3% of the time). Less than 32% of the comparisons are significant in either the internal or external comparisons. These data do not meet the criteria for either specificity or consistency and detract from the causal hypothesis.
SUMMARY
A summary of how well the data meet the necessary criteria to demonstrate causality for individual studies is as follows.
• Statistical significance (P<0.05) is not consistently observed in the internal and external comparisons. There can be no cause -effect relationship if there is no association.
• Biological significance. The definition of an adverse effect is not clear. By the definitions suggested in this review, clear adverse effects are seldom observed at the exposure levels encountered in these studies.
• Bias. The healthy-worker effect cannot be adequately addressed in cross-sectional studies. Response bias is not significant in the four studies with 90% or more participation; response bias is possible in the remaining studies but it is not possible to accurately predict bias without prospective studies. Observer bias due to lack of blinding to the exposure status of study population is possible in nine of the studies and may bias the risk estimate upward. Measurement error of exposure probably increases back in time, but with unknown effects on the risk estimates. The possible role of bias cannot be determined.
• Confounding. Attempts to control for the confounding variables of age, intelligence and alcohol intake are made in all studies. They are probably only partially successful for intelligence. Confounding is considered less of a problem in internal E-R analyses. The weight of evidence from all studies on the question of causality is summarized as follows.
• Temporality. This criterion is met because of exclusion of studies without adequate latency.
• Strength of association. Weak associations predominate, which detracts from the causal hypothesis and increases the potential that inadequate control for confounding will affect the results.
• Exposure-response. There are few significant E-R trends or significant differences in the external comparisons of exposed and referent groups. The relative lack of significant associations detracts from the hypothesis.
• Specificity and consistency. Categorizing specific functional domains is an attempt to increase the power to find significant associations and to identify the more susceptible areas of the nervous system. The lack of a pattern of even one functional modality to show consistent associations on internal and external comparisons detracts from the hypothesis.
There are multiple weaknesses in these studies, primarily due to bias and confounding, which increase uncertainties in definitive conclusions. The effect on the results cannot be estimated either in direction or magnitude. Some biases discussed herein may be in opposite directions and to some extent may cancel each other out, but without further data the overall effect cannot be estimated. The lower exposures encountered in the present day workforce will produce a smaller response if there is a measurable effect, making detection more difficult and uncertain. The variety of different test batteries further reduces the ability to detect differences. The different mixture of solvents between studies may also reduce the power to show a consistent pattern by functional mobility unless the general class of hydrocarbon solvents affect the same parts of the nervous system.
The weight of evidence suggests there are no consistent associations between reduced neurobehavioural test performance and low-level hydrocarbon solvent exposures occurring at current exposure levels. (/T=number of tests with >20% difference between exposed at referent group performances.)
